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ABSTRACT:

The magnetic and configurational properties of tail-like polymer chain with nearest-neighbor ferro-

magnetic Ising interaction were studied by Monte Carlo method. The results show that the tail-like polymer chain has

spontaneous magnetization at temperatures below the critical temperature 7. Correspondingly, the collapse phase tran-

sition from a random coil structure to a tight sphere is also taken place at 7.. We found the surface does not play visible

effect on the magnetization and energy at any temperature. However it affects the size of chains, such as the mean-
square end-to-end distance (R?) and mean-square radius of gyration (S?). We also found that the number of monomers
that are in contact with the surface increases with the decrease of temperature. [doi:10.1295/polym;j.P12006147]
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The magnetic properties of organic polymers had
intrigued scientists since they were first reported
in 1987.! Many organic magnetic polymers had
been synthesized. The magnetic polymers have cov-
ered from those containing metal ions, such as
[Fe(CsMes),][TCNE] (TCNE is tetracyanoethylene),?
V(TCNE),y(CH,Cl,) with x~2 and y~1/23
Fe(thiazole),-Cl,,* to purely organic-based materials,
such as poly-BIPO (BIPO is 1,4-bis-(2,2,6,6-tetra-
methyl-4-oxy-4-piperidyl-oxyl)-butadiin),! p-NPNN
(NPNN is 4-nitrophenyl nitronyl nitroxide),> and re-
cently carbon-based magnetic polymer.® The ferro-
magnetic phase transition temperature of organic
magnetic polymer varied widely from very low tem-
perature (~0.67 K) for p-NPNN? to room temperature
(>350K) for V(TCNE),y(CH,Cl,).> At the same
time, much effort had been paid on the search for
the origin of magnetism.>' It was discovered that
the magnetism arises from the interaction among un-
paired electron spins. For the material p-NPNN, for
example, the theoretical calculation based on the
one-dimensional (1D) Heisenberg ferromagnet model
with nearest neighbor (NN) coupling was in well
agreement with experiment.’ The flexibility, transpar-
ency, thin-film-forming ability, and low density will
ensure the ferromagnetic polymers playing some im-
portant roles in technology.'!

Earlier theoretical study on the phase transition of
linear magnetic polymer adopted an Ising model on
a fixed self-avoiding walk (SAW) chain.'*'* The
NN interactions between spins were considered, but
the change of spatial configuration of SAW chain
was neglected. A finite temperature phase transition
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was possible in the model.!> Recently, a three-dimen-

sional (3D) Ising chain model, where fluctuations of
chain spatial configuration and spin configuration
were taken into account, was proposed to study the
phase transition of magnetic polymers.'>"!” The model
chain was a SAW chain with NN Ising interaction
among monomers. It was found that the Ising chain
model has spontaneous magnetization at low temper-
ature and undergoes a collapse transition near the crit-
ical temperature.'>1

In the present work we investigated the behavior of
a 3D Ising chain with one end grafted to a flat surface
with dynamic Monte Carlo (MC) method. The end
grafted chain was often called as tail-like chain.!3-20
They are useful for many applications, such as poly-
mer compatibilizers, copolymer microphases, colloid
stabilization, polymeric surfactants.!'®2!=23 The prop-
erty of adsorbed chain plays a key role in many tech-
nological and biological applications and has there-
fore attracted extensive studies experimentally and
theoretically. In the model the NN Ising interactions
between spins and dynamic of spatial configuration
were considered. The effect of flat surface on proper-
ties of Ising chain was studied by comparing the prop-
erties of tail-like chain with that of free chain. Here
the free chain referred to an Ising chain in the free
space without surface restriction.

MODEL AND SIMULATION METHOD

The chain model we considered is a SAW chain
with NN Ising interaction. The chain is comprised
of n monomers on the simple cubic (SC) lattice. The
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Hamiltonian of the system is

H= —Zga(r,-j — Doy, (1)
ij

where J is the exchange energy and o; = %1 the spin
on the ith monomer. The delta function 8(r;; — 1) = 1
if the spatial distance r; between two monomers i
and j equals to 1 and 8(r;; — 1) = 0 if r;; # 1. On the
SC lattice, there are six NN sites (r;; = 1) with vector
set {(1,0,0)} and its symmetries. In this work, we
considered a polymer chain with ferromagnetic Ising
interaction, i.e., J > 0. Besides the Ising interaction,
self-avoiding interaction between monomers was also
taken into account by the requirement that no two
monomers can share a common site.

A coarse-grained polymer chain model was used in
this work. The polymer chain is comprised of n iden-
tical monomers consecutively linked with fluctuating
bond length that can be 1, /2 or /3 on the SC lat-
tice.!®2425 Each monomer occupies one site of the lat-
tice. The bond between successive monomers along a
chain can be taken from a set of 26 allowed bond vec-
tors obtained from the set {(1,0,0), (1,1,0), (1,1,1)} by
symmetry operations of the SC lattice. In this model,
the monomers do not correspond to specific atoms
in a polymer but rather to small groups of atoms,
and the bonds do not represent specific covalent bonds
between two atoms but instead the linkages between
monomers. Since there are six NN sites belong to
the subset {(1,0,0)}, therefore the number of NN
monomers of a monomer in this model can vary from
0 to 6.

As to the tail-like polymer chain, the flat surface
was placed at z = 0 and was assumed infinitely large
and impenetrable to polymer monomers. The first
monomer was put at site (0,0, 1) and was immobile
forever, while all other monomers were forbidden to
contact with the flat surface. The movement of the
polymer chain was then restricted to the upper semi-
infinite space.

The dynamic MC procedure contained two aspects:
one was the change of spatial configuration and anoth-
er was the update of spins. The change of spatial con-
figuration started by choosing a monomer at random
and attempted to move it one lattice spacing in one
of the six randomly selected directions: +x, vy, £z.
This trial move would be accepted if the following
four conditions were satisfied:'¢ (1) self-avoidance
was obeyed, (2) the new bond vector still belonged
to the allowed bond set, (3) two bonds did not inter-
sect, and (4) the Boltzmann factor exp(—AE/kgT)
was greater than a random number uniformly distrib-
uted in the interval (0, 1), where AE was the change in
energy due to the trial move. The fourth criterion, i.e.,
the Metropolis criterion, ensures that the system obeys
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Boltzmann statistics at a specific temperature.” In the
simulation, we set the exchange energy J =1 and
absorbed the Boltzmann constant kg. Therefore, the
temperature is in the unit J/kg. To update the spins,
we picked up a monomer randomly at first and then
flipped the spin on it according to the Metropolis cri-
terion described above for monomer movement. The
time unit used in the work was MC step (MCS).
One MCS includes n monomer trial movement and
n trial spin flip.

Therefore the chain changed its configuration with
time. However, to obtain two independent chain con-
figurations one need to wait at least one correlation
time t because of the correlation between two succes-
sive configurations. In the present simulation we re-
corded an independent chain configuration with time
interval At = n?.'25 And we recorded 500 independ-
ent configurations at every temperature. Afterwards
we decreased the temperature with a step AT. The
step AT was chosen as 0.05 near the critical temper-
ature, while a slightly big value of AT was chosen
away from T.. The simulation results were also aver-
aged over 500 initial chain configurations. It was
found the relaxation of spin is much faster than spatial
configuration,? so our updating time interval was al-
ways enough for the spin configuration.

RESULTS AND DISCUSSION

The order parameter for the phase transition was
magnetization defined as the average spin per mono-
mer,

1 n
M=;;a,~. 2)

Since the statistical averaged magnetization (M)
roughly equals zero at zero field because of the sym-
metry of spin direction, we therefore used mean abso-
lute magnetization (|M|) and mean square magnetiza-
tion (M?) instead. Figure 1 presents the magnetiza-
tions (|M|) and (M?) for the linear tail-like and free
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Figure 1. The temperature dependence of the mean absolute
magnetization ([M|) and mean square magnetization (M?) of the
tail-like and free polymer chains.
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Figure 2. Plot of mean energy per monomer (E) (a) and specific heat C, (b) vs. temperature T for both tail-like and free chains.

polymer chains at different temperatures. It is clear
that the surface plays minimal effect on the magneti-
zation of Ising chain since no visible difference is
found between these two chain models. Values (|M|)
and (M?) are very small ((M?) is approximately 0)
at high temperatures and tend to 1 at low tempera-
tures. The temperature at which there is a steepest var-
iation is defined as the critical temperature 7..!” With
this definition, T, is about 1.30 for n = 300 for both
types of chain. Within a narrow range of temperature
near T, both (|M|) and (M?) change very rapidly, in-
dicating a phase transition as that was described in
Ref 16 for free 3D Ising chain model. We conclude
that the surface does not affect the magnetic phase
transition in the 3D Ising chain model.

The energy of system H (eq 1) was calculated, too.
Figure 2 presents the dependence of mean energy per
monomer, (E) = (H)/n, on the temperature. We find
that (E) is also not influenced by the restriction of
the surface for the Ising chain, similar to that of mag-
netizations (|[M|) and (M?). The phase transition tem-
perature 7. = 1.31 can be also defined from the spe-
cific heat C, = wz%(f)z The specific heat of the
system is also presented in Figure 2, where a maxi-
mum at 7, = 1.31 is found. Moreover, no obvious dif-
ference is observed for the energy and specific heat
between the tail-like chain and the free one. So we
conclude that the surface does not affect the energy
of Ising chain.

The physical parameters that denote the configura-
tional size of the polymer chain can be mainly charac-
terized by mean-square end-to-end distance (R?) and
mean-square radius of gyration (S?). The values of
(R?) and (S?) of the tail-like and the free Ising chains
were calculated at different temperatures. Figure 3
presents the dependence of (R?) and (S?) on the tem-
perature for both chains. Both (R?) and (S?) decreases
with decreasing temperature and they drop sharply
around the phase transition temperature 7, = 1.31.
Such a sharp decrease in size was found to be a col-
lapse transition of Ising chain and was attributed to
the cooperation between magnetic and spatial config-
uration.'®
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Figure 3. Mean-square end-to-end distance (R?) (a) and
mean-square radius of gyration (S?) (b) vs. temperature T for
tail-like and free Ising chain.
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Figure 4. Plot of expansion factors ar and g vs. temperature
for Ising chain of length n = 300.

We find (R?) and (S?) of tail-like chain are bigger
than that of free chain. Since only the excluded vol-
ume effect between surface and polymer chain was
considered in the work, the increase in (R?) and (S?)
reflects that the surface effectively produces a repul-
sive effect on the tail-like chain.?’~2° The repulsive ef-
fect of flat surface was also characterized by two ex-
pansion factors ag = (R*) 1 /(R*)f and ag = (S?)1./
(S?)g, where subscripts ‘TL’ and ‘F’ represent tail-like
chain and free chain, respectively.!®?” The depend-
ence of expansion factors ag and «g on the tempera-
ture for chain length n = 300 is presented in Figure 4.
At high temperatures T > T¢, both ag and «g are big-
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Figure 5. (Color online) Typical configurations of the Ising
tail-like chain at temperatures 7 = 1.5, 1.35, 1.3 and 0.7. Chain
length n = 300. Red and blue spheres represent polymer segments

with spin up and spin down, respectively. Grey net represents the
flat surface.

ger than 1 but smaller than the asymptotic values
ar = 1.32 and ag = 1.07 of SAW chain without Ising
interaction.!®?” This is because we used a finite long
chain where the Ising interaction cannot be totally
neglected at finite temperatures. While a SAW chain
without Ising interaction corresponds to the Ising
chain model at infinite high temperature. Near T,
the fluctuations of values wr and ag are quite large
due to large thermal fluctuation near critical point.
The variation of ag with temperature is very small:
it decreases from about 1.04 at 7 =1.8 to 1.0 at
T = 0.7, indicating the effect of surface on (S?) de-
creases with the decrease of temperature. However,
there is a large bulge in ag below T.: ar shows a
sharp increase and then decreases with the decrease
of temperature. That means the surface produces
much stronger repulsive effect on another end mono-
mer at temperature slightly below 7. In other words,
the relative distance of two end monomers becomes
larger at temperature slightly below T-.

Figure 5 presents several typical configurations of
tail-like Ising chain at different temperatures. At tem-
peratures higher than T, the chain is an extended coil
as shown in Figure 5a. Although the summation of
spins Y -, o; is roughly equal to zero above T, small
spin clusters are clearly found. With decreasing tem-
perature, the size of spin cluster increases and the con-
figurational size of chain decreases. At temperatures
far below T¢, a sphere like chain configuration forms
and almost all spins point to the same direction, as
shown in Figure 5d. With the increase in the cluster
size, the number of nearest neighbor, N,,, increases.
Figure 6 presents the average number of nearest
neighbor (N,,) at different temperatures for the tail-
like Ising chain. At high temperature, (Ny,,) is about
1 which indicates a very loose configuration. Around
the critical temperature, (N,,) goes up sharply from
about 1 to about 3.5 at T < 1.3, indicating a sharp
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Figure 6. Plot of the average number of nearest neighbor
(Nmn) vs. temperature T for tail-like Ising chain of length n = 300.
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Figure 7. Plot of the average number of monomers in contact
with the surface (V) vs. temperature T for tail-like Ising chain of
length n = 300.

transition from a loose structure to a tight structure.
And it increases smoothly with the decrease of tem-
perature. At T = 0.7, (Np,) is about 4.7. Actually,
we find a compact structure with roughly all spins
point to the same direction (Figure 5d).

To further investigate the effect of surface on the
tail-like chain, we had calculated the average number
of monomers in contact with the surface (N;) for the
tail-like chain. Here, a monomer that is on the first
layer above the flat surface is named as a monomer
in contact with the surface. Figure 7 presents the de-
pendence of (N;) on temperature for chain length
n = 300. At temperatures above T, (N;) roughly re-
mains a constant which is about 2.6. While at temper-
ature below T, (N;) grows with the decrease of tem-
perature, indicating that more and more monomers
contact with the surface. Therefore, we could expect
that the surface will play more important role at lower
temperature if one consider attractive interaction be-
tween surface and polymer. That had attracted much
attention on this topic.30-34

CONCLUSION

The magnetic and configurational properties of the
tail-like polymer chain with ferromagnetic Ising inter-
action were studied by dynamic Monte Carlo method.
Magnetic phase transition from a disordered to an
ordered spin arrangement state is observed. For the
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chain of length n = 300, the transition temperature 7,
is estimated to be about 1.31. At 7. = 1.31, a collapse
transition of spatial configuration is also observed. We
conclude that the flat surface do not play obvious role
on the magnetic property, energy as well as phase
transition temperature. However, it does affect the
spatial configuration at temperatures above or below
T.. Both (R?) and (S?) of the tail-like chain are bigger
than that of the free chain. And the expansion factors
ar = (R?)7../(R?)F has a large bulge below T, indi-
cating the surface produces much stronger repulsive
effect on end monomer at temperature slightly below
T.. The average number of monomers in contact with
the surface (N;) grows with the decrease of tempera-
ture below T, therefore, we could expect that the sur-
face will play more important role at low temperatures
if one consider attractive interaction between surface
and polymer.

Nevertheless, the reason why the magnetic proper-
ties are not affected by the flat surface is not clear
from our MC simulation results. It deserves further in-
vestigation on this topic. However, two possible rea-
sons can be derived from MC simulations: (1) there
is only a little portion of monomers contacts with
the surface above T¢; and (2) the flat surface contacts
with the surface of tight structure of chain below T..
Both of them roughly do not affect the magnetic inter-
actions among monomers. We expect mean-field theo-
ry may be a good tool to investigate this topic.

An important point we should point out is that long-
range attractive interactions, such as the tail part of
van der Waals interactions among polymer segments,
were not taken into account in our Ising chain model.
Long-range attractive interactions will certainly play
roles at low temperatures. So our results are mainly
suitable for magnetic polymers with high ferromag-
netic phase transition temperature or with weak long-
range attractive interactions.
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